The strain rate effect influences the mechanical properties on most construction materials and its investigation is critical for structural engineering. Current materials such as steel or concrete have been intensively investigated. However, similar studies on the dynamic properties of masonry or masonry components such as clay brick or mortar are scares. This work intends to study the behavior of masonry and its usual components (clay brick and mortar) when subjected to high strain rates. A Drop Weight Impact Machine is used at different heights and weights introducing different levels of strain rate. Empirical relations of Dynamic Increase Factors (DIF) are derived from the experimental results and the strain rate effect on compressive strength, compressive fracture energy, strain at peak strength and Young's modulus are determined and presented.
Introduction
When modelling or designing structures under impulsive loading (high velocity impacts or blast loads) it is important to understand the effect that the high strain rates have on the mechanical properties of materials. When subjected to dynamic loading conditions, materials can have a much different behavior when compared with their static behavior (Meyers 1994; Hiermaier 2008; Ngo et al. 2004; Stavrogin and Tarasov 2001) . However, most research work on structural response and damage under impact and blast loading assumes typically quasi-static material properties (Baylot et al. 2005; Moreland et al. 2005) , which could lead to inaccurate structural assessment.
Strain rate effect is a phenomenon already introduced into some standards (CEB-FIP 2010; UFC 3-340-02 2008) for construction materials such as concrete or reinforcement steel (Grote et al. 2001; Malvar and Ross 1998) . However, in the case of masonry materials, such as bricks or mortar, this is not the case, and the available studies in the literature are very limited. Recent studies showed that this effect on masonry materials is considerable. Burnett et al. 2007 used a specially designed Split-Hopkinson pressure bar to study the tensile behavior of a mortar joint under dynamic loading. These authors (Burnett et al. 2007) strain gauge was placed in each face of the specimen. Due to cost-efficiency reasons, the quasi-static tests (fewer tests) were performed using strain gauges and the impulsive tests were performed using the high speed video equipment. However, some impulsive tests were also performed using strain gauges to compare and validate the results obtained from the high speed video equipment.
Specimens description
In order to avoid resonances and inertial effects, when testing at high strain rates, the dimensions of the specimens must be a compromise between: a) maximizing the size of the specimen to have a complete representation of the materials; b) proper height to base cross section ratio to reduce the friction effects at both ends of the specimen; c) minimizing the size of the specimen to reduce the inertia effect and the non-uniform stress and strain distribution (Harding 1989; Dioh et al. 1995) . This often leads to small specimens where the assumption of stress equilibrium is retained within the specimen.
The objective of this study was to reproduce old Portuguese masonry construction. The bricks used were handmade clay bricks from Galveias (a village located in Central Portugal). The solid clay brick from Galveias ( Figure 2a ) was used to prepare the brick specimens. The brick specimen measured 70×30×30 mm ( Figure 2b ) and five specimens were cut (Figure 2c ) from the original solid brick (measuring 200×100×50 mm). The procedure to prepare the brick specimen followed the recommendations of the European standard for testing masonry units in compression EN 772-1 2011 and was as follows: a) Specimens with 70×30×30 mm were cut from the original brick using a disc cutting machine;
b) The edges were confirmed to be intact and the top and bottom (loadbearing) surfaces were ensure to be flat and parallel to each other using a grinding machine;
c) The specimens were left to dry in a ventilated oven at 105ºC until constant mass;
d) The specimens were kept in a non-ventilated oven at 40ºC until 1 hour before testing.
The mortar specimens were prepared from a commercial ready-mix mortar (MAPEI MAPE-ANTIQUE MC). In order to take advantage from the already prepared testing rig, the dimensions of the mortar specimens were kept the same as the brick specimens (70×30×30mm). The ratio for the ready-mix mortar was 25 kg of product for 3.9 liters of water, which resulted in 16 cm flow (good workability). The procedure to prepare the mortar specimens was as follows: a) Prepare the mixture at the presented ratio and place the mixture in the molds ( Figure 2e); b) The molds were placed in a climatic chamber at 25ºC and 65% humidity for five days;
c) The specimens were taken from their molds after five days and tested in that same day.
The reason for testing the mortar specimens after five days was due to its compressive strength. It was intended to test mortars with compressive strength as similar as possible to old mortars and this was achieved at five days of curing when the compressive strength of these mortar specimens averaged 3 MPa.
Finally, the masonry specimens were built using four cut clay bricks and three mortar joints (10 mm joint) in a stacked pattern. The masonry specimens' dimensions derived from the test setup limitations and were 230×80×80 mm. From each solid brick, two cut clay bricks were prepared to match these dimensions (Figure 2d ). It should be noted that because of the cutting schemes available to make the required dimensions, the testing direction for the brick and masonry specimens wasn't the same. This could have some influence in the reported results, as this material is orthotropic. The masonry specimens were prepared on top of an aluminium plate which connects to the load cell. In order to have full contact between the first brick and the aluminium plate a thin layer of mortar was placed before the first brick (Figure 2f ). although the masonry specimens were prepared in a flat surface, due to their own irregularities, a layer of self-leveling mortar was used on top of the specimens to guarantee that the top and bottom surfaces (loadbearing) were flat and parallel to each other. The procedure to prepare and store the masonry specimens was similar to the procedures for the brick and mortar specimens.
Quasi-static regime
Some specimens were tested under quasi-static uniaxial compression in order to compare the results from the impulsive testing and determine the quasi-static reference for the studied mechanical properties. For the quasi-static compression tests, the test setup consisted of a steel frame which supported a servo-controlled actuator, with a 25 kN (50 kN for the masonry specimens) load capacity. The strain in the test specimen was obtained with three LVDTs at a 120º degree angle in a plan view, and four strain gauges, i.e. one in each face (Figure 3a ).
These tests were performed according to the EN 772-1 2011 standard.
The typical relations for stress-strain and stress-displacement can be seen in Figure 3b and Figure 3c , respectively. As can be seen in Figure 3b , the compressive strength (σmax) is the maximum value of the stress-strain curve ( Figure 3b) ; the corresponding strain is the strain at peak strength (εu); the Young's modulus (E) was taken as the slope of the stress-strain diagram between 0.3 and 0.8 of the maximum stress ( Figure 3b) ; the procedure to calculate the compressive fracture energy (Gc) was used previously by Vasconcelos et al. 2009 and is similar to the procedure presented by Jansen and Shah 1997, consisting in calculating the marked area in Figure 3c .
Five clay brick specimens, nine mortar specimens and four masonry specimens were tested and Table 1 shows the average results obtained for the quasi-static tests. The highest compressive strength was obtained for the brick specimens with 13.59 MPa. The maximum Young's modulus was also obtained for the brick specimens with 2.32 GPa. The compressive fracture energy obtained for the masonry specimens is much larger than the fracture energy obtained for both the brick and mortar specimens. This was due to the interaction between the masonry individual components (brick and mortar) resulting in a higher deformation capacity showed in the masonry specimens. Due to the fact that these brick were handmade the coefficient of variation (CoV) obtained for the brick specimens is higher than the values obtained for mortar ( Table 1 ). The compressive strength of these hand-made bricks is also low when compared with commercial solid clay bricks, and previous studies on the high strain rate effect of clay bricks were performed on higher compressive strength bricks (Hao and Tarasov 2008) . This should be kept in mind later when comparing the obtained results with similar studies. The values presented in Table 1 were established as the static properties for these materials and were taken as the static reference when determining the dynamic increase factors.
Dynamic regime
For the dynamic regime testing, the Drop Weight (DW) impact machine was used. Several impact tests under uniaxial compression were performed. Figure 4 shows example of stressstrain curves obtained from these experimental tests for brick specimens. These curves were simplified in order to facilitate the treatment of the obtained data. The strain profile was approximated to a linear function while the stress profile was approximated to a second degree polynomial, resulting in second degree polynomials for the stress-strain curves.
The mechanical properties were determined from the stress-strain or stress-displacement for each test and compared with the quasi-static reference by means of Dynamic Increase Factors (DIF) which can be calculated using the following equation:
The influence of the strain rates in the mechanical properties is usually described and presented as bi-log-linear relations. One log-linear relation for the quasi-static regime with low slope and one log-linear relation for the dynamic regime with higher slope. One common simplification is to consider the first relation (quasi-static) as constant and set as DIF equals to 1 (one). The point where the regime changes to dynamic was determined as the intersection of the log-linear relation obtained experimentally for the dynamic regime and the function DIF = 1, considered for the quasi-static regime.
Brick dynamic properties
A total of 58 clay brick specimens were tested under impulsive loading, with strain rate ranging from 4 s -1 to 199 s -1 . For these tests the acquisition frequency for the strain-time curve was set at 20 kHz and the acquisition frequency for the stress-time curve was set at 40
kHz. The acquisition frequency on the video equipment was greatly dependent on the lighting conditions and was set as the maximum possible at the time of the tests. The typical image sequence of the performed tests can be seen in Figure 5 . Table 2 shows partial results obtained on the impact tests for clay brick specimens. Only some of the results are shown here, however, to establish the DIF relations all 58 tests were used. Five additional tests using strain gauges were performed in order to cross-check the results obtained with the targets and video equipment. These five tests represent 20 measurements with strain gauges, being one strain gauge in each of the four faces of the specimen and taken the average from each test. As mentioned previously, with the video equipment only one face of the specimen can be measured and the possible rotation of the specimen cannot be captured, meaning that single strain value has to be considered carefully.
As expected, the strain rate influences the compressive strength of clay brick specimens ( Figure 6 ). For a strain rate of 200 s -1 the obtained dynamic increase factor for compressive strength was 2.5, meaning that for that value of strain rate the compressive strength of this type of brick is two and a half time its quasi-static reference. rates, which is consistent with the fact that the strain at peak strength is the least influenced mechanical properties. The fact that the increase of the compressive fracture energy is more than twice the increase of the compressive energy suggests that the post-peak behavior of this type of brick is greatly influenced by the strain rate. The obtained DIF equations can be written as a function of strain rate as follows:
For the compressive strength:
For the Young's modulus:
For the strain at peak strength:
For the compressive fracture energy: 
Mortar dynamic properties
A total of 54 mortar specimens were successfully tested under impulsive loading, with strain rate ranging from 2 s -1 to 224 s -1 . For these tests the acquisition frequency for the strain-time curve was set at 15 kHz and the acquisition frequency for the stress-time curve was set at 30 kHz. Figure 8 shows a typical image sequence of the recorded impact test. Table 3 shows partial results obtained on the impact tests for mortar specimens. Only a few selected results are shown here, however, as stated previously, to establish the DIF relations all 54 tests were used. Again, six additional tests using strain gauges were performed in order to validate the results obtained with the high speed video equipment. These six tests represent specimen and taken the average from each test. As mentioned previously, with the video equipment only one face of the specimen can be measured and the possible rotation of the specimen cannot be captured, meaning that single strain value has to be considered carefully.
As expected, the strain rate influences the compressive strength of mortar specimens ( Figure   9a ). For a strain rate of 200 s -1 the obtained dynamic increase factor for compressive strength was 4.13, meaning that for that value of strain rate the compressive strength of this type of mortar is four times its quasi-static reference. The obtained log-linear trend-line for the impulsive tests (Eq. 6) has a coefficient of determination R 2 of 85%. It should also be noticed that the results obtained with the strain gauges have a good agreement with the results obtained with the video equipment. Figure 9b presents the influence of the strain rate on the dynamic increase factor for the mechanical properties of mortar: a) compressive strength; b)
Young's modulus; c) strain at peak strength; and d) compressive fracture energy. Regarding the Young's modulus these results show that for a strain rate of 200 s -1 the Young's modulus should be 3 times greater than its static reference. The Young's modulus appears to be less sensitive to the strain rate when compared with the compressive strength. Like previously, for the brick specimens, the strain at peak strength is the least affected property by the strain rate.
For a strain rate of 200 s -1 the strain at peak strength has a dynamic increase factor of 1.11.
Unlike the results obtained for clay brick, the strain rate has a smaller influence on the 
For the strain at peak strength: 
Masonry dynamic properties
A total of 12 masonry specimens were successfully tested under impulsive loading, with strain rate ranging from 2 s -1 to 54 s -1 . For these tests the acquisition frequency for the straintime curve was set at 10 kHz and the acquisition frequency for the stress-time curve was set at 40 kHz. Figure 10 shows a typical image sequence of the recorded impact test. Table 4 shows the results obtained for all impact tests on masonry specimens. Although four targets can be seen in the masonry specimens, the uniaxial strain was calculated between the two centered targets. For these tests only video tracking was used to calculate the strain during each test.
The same analysis procedure was applied to these masonry specimens. Figure 11 shows the relation between the dynamic increase factor and the strain rate for the studied properties of masonry: a) compressive strength; b) Young's modulus; c) strain at peak strength; and d) compressive fracture energy. As expected, the compressive strength of masonry increases with the increase of strain rate. According to these results and for a strain rate of 200 s -1 , the compressive strength of these masonry specimens is more than two times greater than its static reference. This log-linear relation has a R 2 of 80 %. Comparing the results with the results obtained for its components (brick and mortar), it can be seen that these are closer to the results presented for the handmade clay brick. The Young's modulus is also influenced by the increase in strain rate. For a strain rate of 200 s -1 the Young's modulus should be two times greater than its static reference. Comparing these results with the results obtained for its components, it can be seen that these are closer to the results presented for the handmade clay brick, similar to the observation made for the compressive strength. Similar to what was observed for its components, the strain at peak strength is the least influenced by the strain rate. For a strain rate of 200 s -1 the strain at peak strength is 1.26 times its static reference.
The observations regarding these properties are similar to the ones already presented for the other materials (brick and mortar). Again, similar to the components of these masonry specimens, the compressive fracture energy has a considerable increase with the increase of strain rates. For a strain rate of 200 s -1 the fracture energy should be three times greater than its static reference, similar to what was observed for the mortar specimens. In order to easily compare these results with the obtained results for clay brick and mortar, these values were extrapolated for strain rates of 200 s -1 , as the tests were only performed until 54s -1 . Figure 11 summarizes the results obtained for masonry prims under impulsive loading. Both the compressive strength and the Young's modulus showed similar behavior under high strain rates, which is consistent with the fact that the strain at peak strength is the least influenced mechanical properties. The fact that the increase of the compressive fracture energy is greater than the increase of the compressive energy suggests, similarly to what has been observer for the brick specimens, that the post-peak behavior of this type of brick is greatly influenced by the strain rate. The obtained DIF equations can be written as a function of strain rate as follows:
For the compressive fracture energy:
Comparison and discussion
The obtained results showed that the strain rate influences the compressive strength of the studied materials, being derived dynamic increase factors (strain rate of 200 s -1 ) of 2.54, 4.13 and 2.17 for clay brick, mortar and masonry prims, respectively. The increase in the compressive strength for mortar is almost twice the increase for clay brick and masonry prims. The presence of synthetic fibers in the composition of this ready-mix mortar can explain this difference. Previous studies suggest that the presence of fibers in the composition of cementitious composites have a direct influence on the high strain rate behavior of these materials (Zhou et al. 2013; Tran and Kim 2014) .
The behavior of the Young's modulus under high strain rates is similar to the compressive strength, being derived dynamic increase factors (strain rate of 200 s -1 ) of 2.54, 4.13 and 2.17
for clay brick, mortar and masonry prims, respectively. In the case of the strain at peak strength, the influence of the strain rate in this property is almost negligible, which is consistent with the behavior observed for other geo-materials, such as rock and concrete (Hao and Tarasov 2008; Zhao et al. 1999 ).
The obtained results showed that the strain rate influences the compressive fracture energy of the studied materials, being derived dynamic increase factors (strain rate of 200 s -1 ) of 5.95, 2.73 and 3.10 for clay brick, mortar and masonry prims, respectively. The high value obtained for clay brick suggests that the post-peak behavior is more influenced for clay brick than mortar. One of the reasons that could explain this difference is the porosity of the materials, being 23% for clay brick and 9% for mortar (Dias 2005) . In fact, Vasconcelos et al. 2009 suggested that the porosity of materials could be one of the physical properties with direct influence on its post-peak behavior. The fact that the brick was studied in two different directions for the brick specimens and masonry specimens (Figure 2 ) could also have influenced these results, as this is an orthotropic material.
Conclusions
When modelling or designing structures under impulsive loading (high velocity impacts or blast loads) it is important to understand the effect that the high strain rates have on the mechanical properties of materials. This work showed that the strain rate influences the mechanical properties of masonry and its components. A large experimental campaign was performed on different materials under different loading conditions. The strain rate of the performed tests ranged from 10 -5 (quasi-static) up to 200 s -1 (impulsive). It was found that most of the studied mechanical properties increased with the strain rate and dynamic increase factors up to 6 were derived for strain rates of 200 s -1 . Eq. 2 to Eq. 13 present the obtained empirical relations able to translate the influence of the strain rate in the mechanical properties of masonry and its components. There relations can be used to estimate the behavior of these materials under different strain rates. 
